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impacts	on	 the	 growth	of	 fish	have	been	 reported,	 creating	 a	disparity	 in	 results.	
Food	availability	and	single‐generation	exposure	have	been	proposed	as	some	of	the	
reasons	 for	 these	variable	 results,	where	unrealistically	high	 food	 treatments	 lead	
to	fish	overcoming	the	energetic	costs	associated	with	acclimating	to	decreased	pH.	
Likewise,	exposure	of	fish	to	lower	pH	for	only	one	generation	may	not	capture	the	
likely	 ecological	 response	 to	 acidification	 that	 wild	 populations	 might	 experience	
over	 two	or	more	generations.	Here	we	compare	 somatic	growth	 rates	of	 labora-
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Higher	maintenance	 costs	 decrease	 energy	 availability	 for	 growth	
and	 reproduction	 and	 hence	 have	 the	 potential	 to	 reduce	 overall	
fitness.






they	occur	over	 the	 long	 term,	 i.e.,	multiple	 generations	 (Tasoff	&	
Johnson,	2019).	While	chronic	responses	to	aquatic	acidification	via	
industrial	 pollution	 are	 well	 documented,	 e.g.,	 sulfuric	 acid	 depo-
sition,	 atmospheric	CO2	 concentration	has	 increased	by	over	30%	
since	1900,	yet	no	adverse	effects	in	wild	fish	have	been	attributed	
to	this	rise	(Etheridge	et	al.,	1996;	Tans	&	Keeling,	2018).	However,	
current	 atmospheric	 CO2	 levels	 have	 now	 exceeded	 any	 previous	





Pörtner,	 &	 Jensen,	 1997;	 Michaelidis,	 Spring,	 &	 Pörtner,	 2007;	




&	Grosell,	2014).	 Small,	 sudden	decreases	 in	pH	are	prevented	by	
internal	 chemical	 buffering,	which	helps	maintain	 stable	hydrogen	
ion	concentrations.	However,	there	is	building	evidence	that	signif-
icant	 changes	 in	CO2	 concentration	 can	have	 severe	and,	 in	 some	
cases,	fatal	consequences	for	fish	(Heuer	&	Grosell,	2014).	Chemical	









Shetlar,	 2002;	 Claiborne,	 Walton,	 &	 Compton‐Mccullough,	 1994;	
Perry	&	Gilmour,	2006).	If	the	above	systems	cannot	regulate	inter-





acidification	 on	 fish	 life	 history	 are	 not	 well	 understood.	 The	 re-
ported	 impacts	 of	 acidification	 due	 to	 exposure	 of	 increased	CO2 
levels	 on	 fish	 are	 broad	 and	 highly	 variable,	 with	 reports	 of	 both	






species.	 In	 one	 such	 study	with	marine	 fish,	 the	 settlement‐stage	
offspring	of	some	Amphiprion percula	pairs	were	larger	at	increased	
pCO2	 treatments,	 compared	 to	 control,	 while	 the	 offspring	 from	
other	pairs	were	smaller	(Munday,	Donelson,	Dixson,	&	Endo,	2009).	









There	 is	 a	need	 for	 focus	on	 the	effects	of	 contemporary	 and	
anthropogenic	 climate	 change	 of	 freshwater	 systems	 and	 fishes,	
especially	 due	 to	 the	 long‐standing	 crisis	 in	 freshwater	 biodiver-
sity	 (Hannan	&	Rummer,	 2018;	 Reid	 et	 al.,	 2018).	 The	 original	 re-
search	focus	on	freshwater	acidification	on	aquatic	 life	arose	from	
rising	sulfuric	acid	concentrations	 from	acid	 rain	during	 the	1970s	










short	 timescales,	 in	 some	cases	 leading	 to	abrupt	and	widespread	
fish	mortality	(Leivestad	&	Muniz,	1976).	This	differs	to	CO2‐induced	




knowledge	gap	on	how	 freshwater	 fishes	will	 respond	 to	 reduced	
CO2‐induced	pH	over	multiple	generations.
Under	 natural	 conditions,	 maternal	 effects	 can	 make	 tran-















when	 feeding	 is	 limited,	 as	 is	 often	 the	 case	 for	 wild	 fish	 larvae	
(MacKenzie,	Leggett,	&	Peters,	1990).	This	has	been	demonstrated	
in	 juvenile	blue	mussels	 (Mytilus edulis),	 in	both	the	 laboratory	and	
field,	where	high	food	availability	offsets	the	effects	of	CO2‐induced	






imental	 studies.	 In	 the	 laboratory	environment,	 it	 is	 commonplace	
to	 provide	 ad	 libitum	 food	 levels,	 so	 not	 to	 compromise	 survival	
(Gordon,	Kaiser,	Britz,	&	Hecht,	2000).	The	practical	implications	of	
controlling	 the	 fixed	 food	 rations,	especially	 if	using	 live	 food,	 are	
laborious,	 but	 not	 doing	 so	 can	 lead	 to	 food‐rich	 conditions	 that	
are	unrepresentative	of	wild	 systems	and	 results	 that	 are	difficult	
to	compare	between	laboratories.	In	addition,	ensuring	each	animal	
receives	a	similar	food	level	involves	limiting	competition,	which	may	
mean	 fish	must	 be	housed	 individually.	 Recently,	 including	 the	 in-
teraction	between	food	level	and	CO2	treatment	has	become	more	
common	 in	 studies	 examining	 larval	 growth	 under	 CO2‐induced	
acidification,	 yet	 the	 interaction	 has	 not	 yet	 been	 examined	 in	 a	









levels	 of	 cannibalism	within	 the	 population.	Hence,	 low‐predation	
P. reticulata	generally	show	fast	initial	growth	until	they	reach	a	size	
where	 the	 likelihood	 of	 cannibalism	will	 be	minimized	 and	 the	 in-
dividual	 is	more	 competitive	within	 the	population.	 It	 is	 the	 initial	
growth	rate	that	 is	of	particular	 interest	here,	as	reductions	would	





born	 into	 environments	 that	 their	 mothers	 were	 acclimated	 to	 at	
preparturition.
2  | MATERIAL S AND METHODS
2.1 | Study organism
Guppies	(P. reticulata)	used	for	this	study	were	taken	from	laboratory	
stock	 populations,	 originating	 from	 Quare	 stream,	 Trinidad.	 P. re‐














taken	 from	 control	 pH	 conditions	 in	 stock	 tanks	 split	 across	 two	







2.2.2 | Experiment 2: intergenerational effects
To	 determine	 the	 impact	 of	 intergenerational	 effects	 through	 ma-
ternal	acclimation	to	acidified	conditions	as	described	in	Experiment	
1,	 recently	 mated	 female	 guppies	 from	 the	 original	 stock	 tanks	 in	
Experiment	1	were	placed	in	acidified	conditions	for	the	duration	of	
their	pregnancies.	The	F1	offspring	from	these	females	were	divided	
into	 control	 and	 acidified	 treatments	 to	 give	 new	maternal–current	
treatments:	 acidified–acidified	 and	 acidified–control	 to	 compare	 to	
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mortality	 than	 expected.	 Consequently,	 the	 pH	 was	 increased	 to	
6.50	 and	 was	 chosen	 for	 the	 acidified	 treatment;	 this	 represents	
a	pH	more	commonly	recorded	in	Trinidadian	streams	where	P. re‐
ticulata	are	known	to	live	and	lead	to	100%	survival	(Enviornmental	




2017).	 Moreover,	 the	 quantity	 of	 CO2	 within	 freshwater	 systems	
fluctuates	much	more	 than	 in	 saltwater	 due	 to	 reduced	 buffering	





1980;	 Telmer	&	Veizer,	 1999).	 This	 can	 result	 in	 pH	 reductions	 of	
~2.0	occurring	over	just	30	years	(Andersson	&	Olsson,	1985).	This	
was	contrasted	to	the	control	treatment	pH	of	8.2	that	 laboratory	








the	 treatment	 tank	until	 a	pH	of	6.50	was	achieved.	Occasionally,	
a	delay	occurred	between	the	pH	computer	detecting	 the	pH	and	
the	dissolution	of	CO2,	 leading	to	a	mild	overshoot	 in	acidification	














each	 treatment,	 while	 also	 allowing	 for	 the	 tracking	 of	 individual	







liquifry	No.	2	 (dry	weight	 analysis:	 protein	34.4%,	oil	 13.5%,	 fiber	
1.0%,	ash	5.6%)	for	a	period	of	8	weeks.	This	was	chosen	as,	unlike	
pellet	 or	 flake	 food,	 it	 can	be	easily	 and	 accurately	measured	 and	
remained	within	 fish	 containers	 after	 feeding,	 ensuring	 the	 entire	






In	 both	 experiments,	 fish	 standard	 length	 (SL)	 was	 measured	 once	
weekly	 as	 a	 proxy	 for	 somatic	 growth.	 Other	 measurements	 were	






     |  5GEORGE Et al.
not	taken	to	minimize	handling	which	we	have	found	can	affect	 the	
results	of	growth	experiments.	Each	fish	was	removed	from	its	con-































for	both	high	 (Z1,7	 =	3.85,	p	 <	 .005)	 and	 low	 (Z1,7	 =	3.63,	p < .01) 










3.2 | Experiment 2: intergenerational effects
Growth	in	the	acidified–acidified	group	was	not	significantly	lower	
than	 in	 the	 control–control	 group,	 for	 either	 high	 or	 low	 food	
(Z1,8	=	1.38,	p	=	.87;	Z1,8	=	1.54,	p	=	.79,	respectively).	For	both	high	
and	 low	 food	 availability,	 overall	 growth	 did	 not	 differ	 between	
either	control–acidified	and	acidified–acidified	groups	(Z1,8	=	2.30,	
p = .29; Z1,8	=	1.93,	p	=	.53)	or	acidified–control	and	control–con-
trol	groups	(Z1,8	=	−0.03,	p = 1.00; Z1,8	=	1.49,	p	=	.81).	However,	
there	was	an	interaction	between	age	and	maternal	environment	
for	 both	 treatments	 (acidified:	X21,8	 =	 24.598,	p	 <	 .001;	 control:	
X21,8	=	28.492,	p	<	.001),	implying	the	effect	of	maternal	environ-
ment	 changed	with	 time.	At	 the	 outset,	 fish	 reared	 in	 their	ma-
ternal	environment	featured	higher	initial	growth	rate	than	those	
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of	 freshwater	 phytoplankton	 as	well	 as	 alter	 plankton	 community	
structure	(Hasler,	Butman,	et	al.,	2016).	It	may	therefore	be	argued	























Fish	 born	 of	mothers	 reared	 in	 control	 conditions	 but	 themselves	
reared	 in	 acidified	 conditions	 (control–acidified)	 grew	more	 slowly	




*p < .05; ***p	<	.001.	Error	bars	are	one	standard	error	of	the	mean
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than	 control–control	 fish,	 the	 acidified–acidified	 fish	 grew	 only	



























Overall,	 maternal	 pH	 acclimation	 appears	 to	 reduce	 energetic	
costs	that	otherwise	limit	juvenile	investment	into	somatic	growth.	
In	this	study,	adult	females	were	provided	with	high	food	levels	to	
minimize	 energetic	 stress	 when	 acclimated	 to	 the	 acidified	 treat-
ment.	However	 if,	 for	example,	maternal	 food	availability	was	 lim-
ited,	then	the	increased	energetic	cost	for	the	mother	may	lead	to	





attempt	 to	 determine	 how	maternal	 investment	 varied	with	 acidi-
fication.	However,	at	 least	two	fish	aborted	dead,	underdeveloped	
fry,	and	another	aborted	a	morphologically	compromised	fry.	None	





that	 the	 increased	 energetic	 cost	 associated	 with	 acclimating	 to	









The	 acidified–acidified	 and	 control–control	 groups	 were	 preac-
climated	 to	 the	 acidified	 and	 control	 environments,	 respectively,	
whereas	 the	 control–acidified	 and	 acidified–control	 were	 not.	
However,	 acidified–control	 high	 food	 and	 control–acidified	 high	
food,	 and	 to	 a	 lesser	 extent	 acidified–control	 and	 control–acidi-











(Wilson	&	Osbourn,	 1960).	 Postacclimation,	 acidified–control	 high	
food	and	control–acidified	high	food	made	use	of	the	high	food	avail-







Arendt,	 Chandramouli,	 &	 Reznick,	 2010;	 Metcalfe	 &	 Monaghan,	











tion,	and	 if	 they	do	not,	 then	they	must	delay	their	migration,	at	




niles	do	not	accelerate	 their	growth,	 they	would	 likely	 suffer	 in-
creased	mortality	 (Reznick	et	al.,	2001).	Although	compensatory	
growth	serves	a	direct	purpose,	 to	negate	the	 immediate	 impact	
of	smaller	body	sizes,	it	has	previously	been	shown	to	have	lasting	
detrimental	effects	(De	Block	&	Stoks,	2008;	Johnsson	&	Bohlin,	






misinterpret	 this	 result	as	acidification,	 leading	 to	a	 reduction	 in	
recruitment.
5  | CONCLUSION
This	 study	 was	 designed	 to	 assess	 the	 impact	 of	 CO2‐in-
duced	 aquatic	 acidification	 on	 the	 growth	 of	 a	 freshwater	 fish.	
Experimental	 pH	 levels	 were	 chosen	 that	 are	 already	 found	 in	
streams	native	 to	 the	 study	organism.	 It	was	demonstrated	 that	
exposure	 to	 elevated	 CO2	 reduces	 growth	 in	 wild	 fish	 that	 are	
naturally	 food	 limited,	 but	 this	 may	 be	 somewhat	 mediated	 by	













ing	 of	 larval	marine	 fish	 are	 challenging,	 and	 significantly	 lower	
survival	rates	are	to	be	expected,	as	in	the	wild	(Dahlberg,	1979;	















oped	 the	 experiment.	 HG	 conducted	 the	 experiments	 and	 ini-
tial	 analysis.	GM,	 JB,	 and	AW	all	 contributed	 to	 the	 feeding	and	




DATA AVAIL ABILIT Y S TATEMENT
All	 data	 used	 in	 this	 study	 are	 available	 in	 the	 University	 of	
Essex	 Research	 Data	 repository	 (https	://dx.doi.org/10.5526/
ERDR‐00000117).
ORCID
Hartley C. P. H. George  https://orcid.org/0000‐0002‐9586‐7664 
Matthew N. Bond  https://orcid.org/0000‐0002‐3617‐0154 
Tom C. Cameron  https://orcid.org/0000‐0002‐5875‐1494 





Andersson,	F.,	&	Olsson,	B.	(1985).	Lake Gårdsjön: An acid forest lake and 




Annual Review of Earth and Planetary Sciences,	37(1),	117–134.	https	://
doi.org/10.1146/annur	ev.earth.031208.100206
Auer,	 S.	 K.,	 Arendt,	 J.	 D.,	 Chandramouli,	 R.,	 &	 Reznick,	 D.	 N.	 (2010).	
Juvenile	 compensatory	 growth	 has	 negative	 consequences	 for	 re-
production	in	Trinidadian	guppies	(Poecilia reticulata). Ecology Letters,	
13,	998–1007.	https	://doi.org/10.1111/j.1461‐0248.2010.01491.x
Baker,	D.	W.,	&	Brauner,	C.	J.	(2012).	Metabolic	changes	associated	with	
acid–base	 regulation	during	hypercarbia	 in	 the	CO2‐tolerant	 chon-
drostean,	 white	 sturgeon	 (Acipenser transmontanus). Comparative 
Biochemistry and Physiology Part A: Molecular & Integrative Physiology,	
161,	61–68.	https	://doi.org/10.1016/j.cbpa.2011.09.002
Barlow,	 J.	 (1992).	 Nonlinear	 and	 logistic	 growth	 in	 experimen-
tal	 populations	 of	 guppies.	 Ecology,	 73,	 941–950.	 https	://doi.
org/10.2307/1940170
Bates,	 D.,	 Mächler,	 M.,	 Bolker,	 B.,	 &	 Walker,	 S.	 (2015).	 Fitting	 linear	
mixed‐effects	models	using	 lme4.	Journal of Statistical Software,	67,	
1–48.	https	://doi.org/10.18637/	jss.v067.i01




Bemrose,	J.	(2017).	Assessing the effect of ontogeny on energetic efficien‐
cies of Poecillia	reticulata.	Dissertation,	University	of	Essex.
Benton,	 T.,	 St	 Clair,	 J.,	 &	 Plaistow,	 S.	 (2008).	 Maternal	 effects	 me-
diated	 by	 maternal	 age:	 From	 life	 histories	 to	 population	 dy-
namics.	 Journal of Animal Ecology,	 77,	 1038–1046.	 https	://doi.
org/10.1111/j.1365‐2656.2008.01434.x
Bonduriansky,	 R.,	 &	 Day,	 T.	 (2009).	 Nongenetic	 inheritance	 and	 its	
evolutionary	 implications.	 Annual Review of Ecology, Evolution, and 
Systematics,	 40,	 103–125.	 https	://doi.org/10.1146/annur	ev.ecols	
ys.39.110707.173441
Claiborne,	 J.	 B.,	 Edwards,	 S.	 L.,	&	Morrison‐Shetlar,	A.	 I.	 (2002).	Acid‐
base	regulation	in	fishes:	Cellular	and	molecular	mechanisms.	Journal 
of Experimental Zoology,	 293,	 302–319.	 https	://doi.org/10.1002/
jez.10125	
     |  9GEORGE Et al.
Claiborne,	J.	B.,	Walton,	J.,	&	Compton‐Mccullough,	D.	(1994).	Acid‐base	
regulation,	branchial	 transfers	and	renal	output	 in	a	marine	teleost	
fish	 (the	 long‐horned	 sculpin	 Myoxocephalus octodecimspinosus) 




De	Block,	M.,	&	Stoks,	R.	 (2008)	Compensatory	 growth	 and	oxidative	
stress	 in	 a	 damselfly.	 Proceedings of the Royal Society of London B: 
Biological Sciences,	275,	781–785.
Environmental	Management	Authority	(1998).	Trinidad and Tobago: State 
of the environment 1998 report.	Port	of	Spain,	Trinidad	and	Tobago:	
Environmental	Management	Authority	(EMA).	
Etheridge,	D.	M.,	 Steele,	 L.,	 Langenfelds,	 R.	 L.,	 Francey,	 R.,	 Barnola,	 J.	
M.,	&	Morgan,	V.	 (1996).	Natural	and	anthropogenic	changes	 in	at-
mospheric	CO2	over	the	last	1000	years	from	air	in	Antarctic	ice	and	
firn.	Journal of Geophysical Research: Atmospheres,	101,	4115–4128.
Furness,	A.	I.,	Lee,	K.,	&	Reznick,	D.	N.	(2015).	Adaptation	in	a	variable	
environment:	Phenotypic	plasticity	and	bet‐hedging	during	egg	dia-
pause	 and	hatching	 in	 an	 annual	 killifish.	Evolution,	69,	 1461–1475.	
https	://doi.org/10.1111/evo.12669	
Gilmour,	K.	M.	(2001).	The	CO2/pH	ventilatory	drive	in	fish.	Comparative 
Biochemistry and Physiology Part A: Molecular & Integrative Physiology,	
130,	219–240.	https	://doi.org/10.1016/S1095‐6433(01)00391‐9
Gobler,	 C.	 J.,	 Merlo,	 L.	 R.,	 Morrell,	 B.	 K.,	 &	 Griffith,	 A.	 W.	 (2018).	
Temperature,	 acidification,	 and	 food	 supply	 interact	 to	 negatively	
affect	 the	 growth	 and	 survival	 of	 the	 forage	 fish,	 Menidia beryl‐
lina	 (Inland	 Silverside),	 and	 Cyprinodon variegatus	 (Sheepshead	




percula	 (Pomacentridae). Aquarium Sciences and Conservation,	 2,	
215–226.
Hannan,	 K.	D.,	 &	Rummer,	 J.	 L.	 (2018).	 Aquatic	 acidification:	 A	mech-
anism	underpinning	maintained	oxygen	transport	and	performance	
in	fish	experiencing	elevated	carbon	dioxide	conditions.	The Journal 













Heuer,	 R.	 M.,	 &	 Grosell,	 M.	 (2014).	 Physiological	 impacts	 of	 elevated	
carbon	dioxide	and	ocean	acidification	on	 fish.	American Journal of 

















ical	barrier	to	fish	dispersal.	Canadian Journal of Fisheries and Aquatic 
Sciences,	69,	1748–1759.	https	://doi.org/10.1139/f2012‐102
Kirkpatrick,	M.,	&	Lande,	R.	(1989).	The	evolution	of	maternal	characters.	
Evolution,	 43,	 485–503.	 https	://doi.org/10.1111/j.1558‐5646.1989.
tb042	47.x
Kroeker,	K.	 J.,	Kordas,	R.	 L.,	Crim,	R.	N.,	&	 Singh,	G.	G.	 (2010).	Meta‐
analysis	reveals	negative	yet	variable	effects	of	ocean	acidification	
on	 marine	 organisms.	 Ecology Letters,	 13,	 1419–1434.	 https	://doi.
org/10.1111/j.1461‐0248.2010.01518.x
Kwong,	R.	W.,	Kumai,	Y.,	&	Perry,	S.	F.	(2014).	The	physiology	of	fish	at	






Le	 Quéré,	 C.,	 Andrew,	 R.	 M.,	 Friedlingstein,	 P.,	 Sitch,	 S.,	 Hauck,	 J.,	
Pongratz,	 J.,	 …	 Canadell,	 J.	 G.	 (2018)	 Global	 carbon	 budget	 2018.	







marine	 ecosystems:	 A	 synthesis.	 Philosophical Transactions of the 
Royal Society of London B: Biological Sciences,	368,	20120447.
Leips,	 J.,	 Richardson,	 J.	 M.,	 Rodd,	 F.	 H.,	 &	 Travis,	 J.	 (2009).	 Adaptive	
maternal	 adjustments	 of	 offspring	 size	 in	 response	 to	 conspecific	
density	in	two	populations	of	the	least	killifish,	Heterandria formosa. 









to	the	wild?	Marine Ecology Progress Series,	67,	209–225.	https	://doi.
org/10.3354/meps0	67209	
Metcalfe,	N.	B.,	&	Monaghan,	P.	 (2001).	Compensation	for	a	bad	start:	
Grow	 now,	 pay	 later?	 Trends in Ecology & Evolution,	 16,	 254–260.	
https	://doi.org/10.1016/S0169‐5347(01)02124‐3
Michaelidis,	B.,	Spring,	A.,	&	Pörtner,	H.	O.	(2007).	Effects	of	long‐term	
acclimation	 to	 environmental	 hypercapnia	 on	 extracellular	 acid–
base	 status	 and	 metabolic	 capacity	 in	 Mediterranean	 fish	 Sparus 









Mortensen,	 A.,	 &	 Damsgård,	 B.	 (1993).	 Compensatory	 growth	 and	
weight	 segregation	 following	 light	 and	 temperature	 manipula-
tion	 of	 juvenile	 Atlantic	 salmon	 (Salmo salar	 L.)	 and	 Arctic	 charr	
(Salvelinus alpinus	 L.).	 Aquaculture,	 114,	 261–272.	 https	://doi.
org/10.1016/0044‐8486(93)90301‐E
10  |     GEORGE Et al.
Munday,	P.	L.,	Donelson,	J.	M.,	Dixson,	D.	L.,	&	Endo,	G.	G.	(2009).	Effects	
of	ocean	acidification	on	 the	early	 life	history	of	 a	 tropical	marine	




development	of	a	tropical	marine	fish.	Marine Ecology Progress Series,	
423,	211–221.	https	://doi.org/10.3354/meps0	8990
Nicieza,	 A.	 G.,	 &	 Metcalfe,	 N.	 B.	 (1997).	 Growth	 compensation	 in	
juvenile	 Atlantic	 salmon:	 Responses	 to	 depressed	 tempera-
ture	 and	 food	 availability.	 Ecology,	 78,	 2385–2400.	 https	://doi.
org/10.1890/0012‐9658(1997)078[2385:GCIJA	S]2.0.CO;2




Perry,	 S.	 F.	 (1982).	 The	 regulation	 of	 hypercapnic	 acidosis	 in	 two	 sal-
monids,	 the	 freshwater	 trout	 (Salmo gairdneri)	 and	 the	 seawater	
salmon	(Onchorynchus kisutch). Marine and Freshwater Behaviour and 
Physiology,	9,	73–79.
Perry,	 S.,	 &	 Gilmour,	 K.	 (2006).	 Acid–base	 balance	 and	 CO2	 excretion	

















Reznick,	D.,	Butler,	 IV,	M.	 J.,	&	Rodd,	H.	 (2001).	 Life‐history	evolution	
in	guppies.	VII.	The	comparative	ecology	of	high‐and	low‐predation	
environments.	 The American Naturalist,	 157,	 126–140.	 https	://doi.
org/10.1086/318627
Reznick,	D.,	&	Endler,	 J.	A.	 (1982).	The	 impact	of	predation	on	 life	his-
tory	 evolution	 in	 Trinidadian	 guppies	 (Poecilia reticulata). Evolution,	
36,	160–177.
Richey,	J.	E.,	Brock,	J.	T.,	Naiman,	R.	J.,	Wissmar,	R.	C.,	&	Stallard,	R.	F.	
(1980).	 Organic	 carbon:	 Oxidation	 and	 transport	 in	 the	 Amazon	
River. Science,	 207,	 1348–1351.	 https	://doi.org/10.1126/scien	
ce.207.4437.1348
Riebesell,	U.,	Fabry,	V.	J.,	Hansson,	L.,	&	Gattuso,	J‐P.	(2011).	Guide to best 
practices for ocean acidification research and data reporting.	Luxembourg	
city,	Luxembourg:	Publications	Office	of	the	European	Union.	
Rossi,	T.,	Nagelkerken,	I.,	Simpson,	S.	D.,	Pistevos,	J.	C.,	Watson,	S.‐A.,	
Merillet,	 L.,	 …	 Connell,	 S.	 D.	 (2015).	 Ocean	 acidification	 boosts	
larval	 fish	 development	 but	 reduces	 the	 window	 of	 opportu-




E.,	 &	Munday,	 P.	 L.	 (2013).	 Elevated	 CO2	 enhances	 aerobic	 scope	
of	 a	 coral	 reef	 fish.	Conservation Physiology,	1,	 cot023.	 https	://doi.
org/10.1093/conph	ys/cot023
Sayer,	M.,	Reader,	J.,	&	Dalziel,	T.	(1993).	Freshwater	acidification:	Effects	
on	the	early	life	stages	of	fish.	Reviews in Fish Biology and Fisheries,	3,	
95–132.	https	://doi.org/10.1007/BF000	45228	
Schindler,	 D.	 W.	 (1988).	 Effects	 of	 acid	 rain	 on	 freshwater	 ecosys-
tems.	 Science,	 239,	 149–157.	 https	://doi.org/10.1126/scien	
ce.239.4836.149
Sswat,	M.,	 Stiasny,	M.	H.,	 Jutfelt,	 F.,	 Riebesell,	U.,	&	Clemmesen,	C.	
(2018).	 Growth	 performance	 and	 survival	 of	 larval	 Atlantic	 her-
ring,	 under	 the	 combined	 effects	 of	 elevated	 temperatures	 and	
CO2. PLoS ONE,	 13,	 e0191947.	 https	://doi.org/10.1371/journ	
al.pone.0191947
Sswat,	M.,	 Stiasny,	M.	 H.,	 Taucher,	 J.,	 Algueró‐Muñiz,	M.,	 Bach,	 L.	 T.,	
Jutfelt,	F.,	…	Clemmesen,	C.	(2018).	Food	web	changes	under	ocean	
acidification	 promote	 herring	 larvae	 survival.	 Nature Ecology & 
Evolution,	2,	836–840.	https	://doi.org/10.1038/s41559‐018‐0514‐6
Stiasny,	 M.	 H.,	 Mittermayer,	 F.	 H.,	 Göttler,	 G.,	 Bridges,	 C.	 R.,	 Falk‐
Petersen,	 I.	 B.,	 Puvanendran,	 V.,	 …	 Clemmesen,	 C.	 (2018).	 Effects	





of	 Atlantic	 cod	 to	 ocean	 acidification	 and	 food	 limitation.	 Global 
Change Biology,	25,	839–849.	https	://doi.org/10.1111/gcb.14554	
Szyf,	 M.	 (2015).	 Nongenetic	 inheritance	 and	 transgenerational	 epi-
genetics.	 Trends in Molecular Medicine,	 21,	 134–144.	 https	://doi.
org/10.1016/j.molmed.2014.12.004




to	 ocean	 acidification?	 Evaluating	 the	 evolutionary	 potential	 of	
California	Grunion	 (Leuresthes tenuis). Evolutionary Applications,	12,	
560–571.
Telmer,	K.,	&	Veizer,	J.	(1999).	Carbon	fluxes,	pCO2	and	substrate	weath-
ering	 in	 a	 large	 northern	 river	 basin,	 Canada:	 Carbon	 isotope	 per-
spectives.	 Chemical Geology,	 159,	 61–86.	 https	://doi.org/10.1016/
S0009‐2541(99)00034‐0
Thomsen,	J.,	Casties,	I.,	Pansch,	C.,	Körtzinger,	A.,	&	Melzner,	F.	(2013).	
Food	 availability	 outweighs	 ocean	 acidification	 effects	 in	 juvenile	
Mytilus edulis:	 Laboratory	 and	 field	 experiments.	 Global Change 
Biology,	19,	1017–1027.
Tix,	J.	A.,	Hasler,	C.	T.,	Sullivan,	C.,	Jeffrey,	J.	D.,	&	Suski,	C.	D.	 (2017).	
Elevated	 carbon	dioxide	 has	 the	 potential	 to	 impact	 alarm	 cue	 re-
sponses	in	some	freshwater	fishes.	Aquatic Ecology,	51,	59–72.	https	
://doi.org/10.1007/s10452‐016‐9598‐8





Zahangir,	 M.	 M.,	 Haque,	 F.,	 Mostakim,	 G.	 M.,	 &	 Islam,	 M.	 S.	 (2015).	
Secondary	stress	responses	of	zebrafish	to	different	pH:	Evaluation	
in	 a	 seasonal	 manner.	 Aquaculture Reports,	 2,	 91–96.	 https	://doi.
org/10.1016/j.aqrep.2015.08.008
How to cite this article:	George	HCPH,	Miles	G,	Bemrose	J,	
White	A,	Bond	MN,	Cameron	TC.	Intergenerational	effects	
of	CO2‐induced	stream	acidification	in	the	Trinidadian	guppy	
(Poecilia reticulata). Ecol Evol. 2019;00:1–10. https	://doi.
org/10.1002/ece3.5761
